Aims In many countries, drug-eluting stent implantation is the dominant interventional strategy. We evaluated the clinical, angiographic, procedural, and intravascular ultrasound (IVUS) predictors of angiographic restenosis after sirolimus-eluting stent (SES) implantation. Methods and results SES implantation was successfully performed in 550 patients with 670 native coronary lesions. Six-month follow-up angiography was performed in 449 patients (81.6%) with 543 lesions (81.1%). Clinical, angiographic, procedural, and IVUS predictors of restenosis were determined. Using multivariable logistic regression analysis, the only independent predictors of angiographic restenosis were post-procedural final minimum stent area by IVUS [odds ratio (OR) ¼ 0.586, 95% confidence interval (CI) 0.387-0.888, P ¼ 0.012] and IVUS-measured stent length (OR ¼ 1.029, 95% CI 1.002-1.056, P ¼ 0.035). Final minimum stent area by IVUS and IVUS-measured stent length that best separated restenosis from non-restenosis were 5.5 mm 2 and 40 mm, respectively. Lesions with final minimum stent area ,5.5 mm 2 and stent length .40 mm had the highest rate of angiographic restenosis [17.7% (11/62)], P , 0.001 compared with other groups. Conclusion Independent predictors of angiographic restenosis after SES implantation were post-procedural final minimum stent area by IVUS and IVUS-measured stent length. The angiographic restenosis rate was highest in lesions with stent area ,5.5 mm 2 and stent length .40 mm.
KEYWORDS
Ultrasonics; Stent; Coronary disease Sirolimus-eluting stents (SESs, Cypher, Cordis/Johnson and Johnson, Miami, FL, USA) have reduced the rate of restenosis as compared with bare metal stents (BMS). 1, 2 However, in-stent restenosis after SES implantation still occurs. 3, 4 In SIRIUS, the predictors of in-segment restenosis and target lesion revascularization (TLR) were diabetes mellitus, smaller reference lumen diameter, and longer lesion length. 2 In the RESEARCH registry, the predictors of angiographic restenosis were the treatment of in-stent restenosis, ostial lesion location, diabetes mellitus, longer stent length, and smaller reference lumen diameter. 4 However, intravascular ultrasound (IVUS) data was not included in either of these two models of restenosis. In a recently published IVUS sub-study of SIRIUS, the importance of the IVUS minimum SES cross-sectional area (CSA) in predicting an adequate follow-up IVUS lumen CSA was emphasized. 5 In the current study, we extended these previous observations by investigating the clinical, angiographic, and IVUS predictors of angiographic restenosis in a large series of patients treated with SES implantation.
Methods

Study population
IVUS-guided SES implantation was successfully performed in 550 non-consecutive patients with 670 native coronary lesions from November 2003 to September 2004. During the same study period, SES implantation without IVUS-guidance (n ¼ 125 patients) and other stents (i.e. bare-metal stent or paclitaxel-eluting stent) implantation (n ¼ 513 patients) were performed in 638 patients with 852 native coronary lesions. Exclusion criteria were saphenous vein graft disease, in-stent restenosis, and bifurcation lesions. Clinical follow-up was requested at 1, 3, and 6 months postintervention; and angiographic follow-up was requested at 6 months. Six-month follow-up angiography was performed in 449 patients (81.6%) with 543 lesions (81.1%). Follow-up angiography was not performed in 101 patients with 127 lesions: refusal of follow-up angiography in 51 patients with 63 lesions, 18 elderly patients (.75 years old) with 22 lesions, poor renal function (serum creatinine level .2.0 mg/dL) in 12 patients with 17 lesions, and combined other serious systemic disease or malignancy in 20 patients with 25 lesions. All patients gave their written informed consent to participate in the study. This study was approved by our clinical study Institutional Review Board.
Details of the stenting technique have been described previously. 2, 6, 7 During the procedure, patients received intravenous heparin to maintain the activated clotting time .300 s. Operators were not blinded to the IVUS findings. Stent length was selected to ensure full lesion coverage from proximal to distal reference segments; the target IVUS criteria for stent expansion was postprocedural final minimum stent CSA 5.0 mm 2 or more than the distal reference segment lumen CSA. 5, 8, 9 When stent underexpansion that the optimal stent expansion was not achieved based on the IVUS criteria occurred, adjunct balloon angioplasty was performed. All patients received a 300 mg loading dose of clopidogrel followed by clopidogrel 75 mg/day for at least 6 months and aspirin 200 mg/day indefinitely.
Quantitative coronary angiographic analysis
Coronary angiography was performed after the administration of 0.2 mg intracoronary nitroglycerin. Angiographic results were analysed by two independent angiographers. Using the guiding catheter for magnification-calibration and an on-line system (ANCOR V2.0, Siemens, Germany), minimal luminal diameter (MLD) and diameters of the reference segments were measured before and after stenting and at 6-month follow-up from diastolic frames in a single, matched view showing the smallest MLD. The in-lesion MLD included the stent as well as 5 mm margins proximal and distal to the stent. Acute gain was defined as the difference in MLD before and after stenting. Late loss was calculated as the difference in MLD immediately after stenting and at 6-month follow-up. The reference vessel diameter was the average of the proximal and distal reference lumen diameters. Lesion length was determined by the 'shoulder-to-shoulder' extent of narrowing in the view with the least amount of foreshortening. Angiographic restenosis was defined as a diameter stenosis 50% at follow-up. The patterns of angiographic in-stent restenosis were classified as suggested by Mehran et al. 
Post-intervention IVUS imaging
Post-intervention IVUS imaging was obtained after intracoronary administration of 0.2 mg nitroglycerin using a motorized transducer pullback system (0.5 mm/s) and a commercial scanner (Boston Scientific/SCIMED, Minneapolis, MN, USA) consisting of a rotating 30 or 40 MHz rotating transducer. The ultrasound catheter was advanced 10 mm beyond the target lesion, and an imaging run was performed from beyond the target lesion to the aortoostial junction. Ultrasound studies were recorded on 1/2-in high-resolutions-VHS tape for off-line analysis.
Quantitative IVUS measurements
Quantitative analyses were performed according to the criteria of the clinical expert consensus document on IVUS 11 using computerized planimetry (TapeMeasure, Indec System, MountainView, CA, USA). Quantitative measurements at the stented segment and the proximal and distal reference segments included external elastic membrane (EEM), lumen, and stent CSA. Final minimum stent CSA was the smallest stent CSA post-procedure. Reference segments were defined as the most normal-looking cross-sections within 10 mm proximal and distal to the lesions. Stent length in lesions with multiple overlapping stents was measured using automatic transducer pullback system. Nominal stent length was used in single stent implantation.
Statistical analysis
Statistical analysis was performed with SPSS software (SPSS Inc., Chicago, IL, USA). Categorical data were presented as frequencies and compared with x 2 statistics or Fisher's exact test. Continuous data were presented as mean + SD and compared with Student's t-test. Multivariable logistic regression analysis using backward, stepwise variable-selection process was performed to determine the independent predictors of angiographic restenosis. The criterion for the entry and removal of variables were set at 0.05 and 0.10, respectively. Continuous and ordinal variables were fit using restricted cubic splines to relax the linearity assumptions.
12 Model goodness-of-fit was assessed using the Hosmer-Lemeshow test and fit considered adequate if computed P . 0.05. Receiver operator characteristic (ROC) analysis or the c-statistic was performed to determine the model discrimination and the best cut-off value for predicting the angiographic restenosis. We also performed an internal validation process to test model adequacy and quantify overfitting. 13 To investigate the stability of the stepwise selection process of the regression models and assess the robustness of the variables, the bootstrap resampling procedure was used. 14 Stepwise selection was performed in 1000 bootstrap samples, and the predictors that were selected in .50% were retained in the multivariable regression models. All P values are 2-sided, and an a value ,0.05 was considered statistically significant.
Results
Of the 449 patients with 543 lesions who underwent angiographic follow-up, 21 patients had 21 lesions (3.9%) with angiographic restenosis and 12 of the 21 patients had symptomatic angina. Revascularization was performed in nine of 21 restenotic lesions [overall TLR rate ¼ 1.7% (9/543)]. Revascularization strategies for nine restenotic lesions were: additional drug-eluting stent implantation in four lesions, cutting balloon angioplasty in two lesions, intracoronary brachytherapy in two lesions, and coronary artery bypass surgery in one lesion. In the other 12 restenotic lesions in which revascularization was not performed, medical treatment was selected either because the results of a treadmill exercise test were negative (n ¼ 8 lesions) or because the restenosis was only moderate in severity (n ¼ 4 lesions).
There were no significant differences in baseline clinical characteristics between the 21 patients with restenosis vs. the 428 patients without restenosis ( Table 1) .
The angiographic and IVUS findings comparing 21 restenotic vs. 522 non-restenotic lesions are shown in Table 2 . In the overall cohort of 543 lesions, post-implantation reference vessel size was 2.9 + 0.5 mm, post-stent MLD was 2.9 + 0.5 mm, stent length was 31.7 + 16.8 mm, and final minimum stent CSA was 6.4 + 1.9 mm 2 . Compared with the 522 non-restenotic lesions, in the 21 restenotic lesions, stent and lesion length was significantly longer, reference vessel diameter and pre-and post-stent MLD by quantitative coronary angiographic (QCA) analysis were significantly smaller, and distal reference EEM and lumen CSA and minimum stent CSA by IVUS analysis were significantly smaller.
Predictors of angiographic restenosis
The overall angiographic restenosis rate was 3.9% (21/543). All clinical, angiographic, procedural, and IVUS univariate predictors of angiographic restenosis at a P level ,0.2 were entered into the multivariable model. The following variables were tested (all with P , 0.2 in univariate analysis): stented coronary segments, reference vessel diameter, pre-and post-intervention QCA MLD, lesion length; stent: lesion length ratio, number of stent, IVUS-measured stent length, stent under-expansion, final minimum stent CSA, distal reference EEM CSA and distal reference lumen CSA ( Table 3) . Using multivariable stepwise logistic regression analysis, the only independent predictors of angiographic restenosis were the post-procedural final minimum stent CSA [odds ratio (OR) ¼ 0.586, 95% CI 0.387-0.888, P ¼ 0.012] and the stent length measured by IVUS (OR ¼ 1.029, 95% CI 1.002-1.056, P ¼ 0.035). The c-statistics for the multivariable logistic regression model was 0.81, indicating excellent discrimination. The area under the curve on ROC curve of IVUS-measured stent length (0.80) was larger than that of the final minimum stent CSA by IVUS (0.73) for predicting development of angiographic restenosis. All but three SES restenosis were intra-stent.
Sensitivity and specificity curves were used to identify optimal cut-off values of the final minimum stent CSA and IVUS-measured stent length that best predicted angiographic restenosis after SES implantation (Figure 1 ): 5.5 mm 2 for final minimum stent CSA and 40 mm for stent length. The diagnostic accuracy of the cut-off threshold for final minimum stent CSA and stent length is as follows. The sensitivity and specificity for IVUS-measured stent length .40 mm to predict the angiographic restenosis were 81% (17/21) and 78% (407/522), respectively. The positive and negative predictive values were 13% (17/132) and 99% (407/411), respectively. The sensitivity and specificity for IVUS-measured final minimum stent CSA ,5.5 mm 2 to predict the angiographic restenosis were 67% (14/21) and 67% (347/522), respectively. The positive and negative predictive values were 7% (14/189) and 98% (347/354), respectively. The angiographic restenosis rate was 7.4% (14/189) and 2.0% (7/354) in final minimum stent CSA ,5.5 vs. 5.5 mm 2 , respectively (P ¼ 0.002), and 1.0% (4/411) and 12.9% (17/132) in stent length 40 vs. .40 mm, respectively (P , 0.001). As shown in Table 4 , the angiographic restenosis rate according to the final minimum stent CSA and the stent length were then determined. The relationship between the final minimum stent CSA and the stent length is shown in Figure 2 
Patterns of restenosis
The angiographic pattern of restenosis was focal in 17 lesions, diffuse in 2 lesions, and total occlusions in 2 lesions. Details are shown in Table 5 . The distribution of angiographic late loss is shown in Figure 3 . Final minimum stent CSA tended to be smaller in diffuse/total occlusion in-stent restenosis lesions (3.9 + 0.8 mm 2 ) vs. focal in-stent restenosis lesions (5.4 + 1.5 mm 2 , P ¼ 0.08). In one of the total occlusions, the stent length was 121 mm and the final minimum stent CSA was 3.0 mm 2 . In the other total occlusion, the stent length was 55 mm and the final minimum stent CSA was 4.1 mm 2 . Both these patients were asymptomatic. The three edge restenosis were associated with post-stent adjunct balloon dilation that extended into the contiguous reference segments without stent coverage. The two distal and one proximal edge restenosis lesions had final minimum stent CSAs of 5.5, 6.7, and 9.5 mm 2 and stent lengths of 18, 41, and 42 mm.
Discussion
In this retrospective analysis of 543 native coronary lesions treated with IVUS-guided SES implantation, the overall angiographic restenosis and TLR rates were 3.9% and 1.7%, respectively. The only independent predictors of angiographic restenosis after SES implantation were the final minimum stent CSA by IVUS and IVUS-measured stent length. The highest angiographic restenosis rates were in lesions with final minimum stent area ,5.5 mm 2 in stents .40 mm. The predominant pattern of angiographic restenosis was focal (81.0%, 17/21) with most angiographic restenosis located intra-stent (85.7%, 18/21).
Compared with the BMS implantation, the randomized SIRIUS and TAXUS-IV trials showed a significant reduction in restenosis and TLR in patients with coronary artery disease after SES and paclitaxel-eluting stent implantation, respectively. 2, 7 The current study's angiographic restenosis and TLR rates were lower than those in these previous studies. 2, 7 However, patients who were included in this current study represented a more complex lesion subsets that included very long lesions, thrombotic lesions, chronic total occlusions, ostial lesions, and heavily calcific lesions; only vein graft lesions, in-stent restenosis, and bifurcations were excluded. For example, the stent length was 21.5 + 6.7 mm in SIRIUS and 21.9 + 8.1 mm in TAXUS-IV; but it was 31.7 + 16.8 mm in this current study. Furthermore, unlike SIRIUS and TAXUS-IV, IVUS-guidance was used routinely in the current study.
Traditionally, final minimum stent CSA by IVUS as well as stent length were significant independent predictors of angiographic restenosis in the era of BMS. 8, 9, [15] [16] [17] In the drug-eluting stent era the significance of the final minimum stent CSA and the stent length were reduced because of the profound anti-restenosis effect of drug. 1, 2, 7, 18, 19 For example, in the IVUS sub-study of the SIRIUS trial, the criteria for optimal SES expansion (the minimum stent CSA that separated adequate from inadequate IVUS lumen dimensions at follow-up) was lower in SES (5.0 mm 2 ) than in BMS (6.5 mm 2 ).
5 This cut-off was supported by findings from Takebayashi et al. 20 and Cheneau et al. 21 and is very similar to the current study. Similarly, the findings in the current study that the angiographic restenosis rate is dependent on SES length were also similar to a previous study. 22 In particular, the current study highlighted the interaction between stent length and final minimum stent CSA; when implanting long or overlapping SES (total length .40 mm), it is incrementally important to achieve adequate stent expansion; angiographic restenosis was 8.6% if the final minimum stent . It is possible that an even larger minimum stent CSA would have reduced the restenosis rate further as has been reported in the BMS era. 23 Although the importance of theory that the bigger is the better has been much reduced in drug-eluting stent era than in the era of BMS, the current study showed that the previous theory might be still valid even in the era of drug-eluting stent. The current IVUS study showed that the roles of IVUS in clinical practice to reduce angiographic restenosis may be greater in the complex lesions (i.e. very long lesions in small vessel) than in the simple lesions (i.e. discrete lesions in large vessel).
The result of the current study that the predominant pattern of angiographic restenosis was focal (81.0%) and located in intra-stent segments (85.7%) was similar to a previous study. 3 This was true even though diffuse or long lesions were treated with multiple overlapping SES implantations.
As shown in one previous study, QCA had a limited ability to measure lumen dimensions accurately after stent placement; the correlation between QCA and IVUS measurements of MLD was only fair. 15 Although both IVUS stent CSA and post-intervention QCA MLD were significant predictors of angiographic restenosis in the univariate analysis, postintervention QCA MLD was excluded in multivariable analysis in both previous BMS analyses 15 and in the current SES study. The IVUS predictors of in-stent restenosis were more powerful than the angiographic predictors of in-stent restenosis after SES implantation.
Limitations
Pre-intervention IVUS was performed in some, but not all patients. Therefore, the impact of pre-intervention IVUS on angiographic restenosis could not be adequately evaluated. Because this was a retrospective single center study and 18% of all patients did not have angiographic follow-up, the possibility of selection bias might not be definitely excluded. Prospective, multicenter and randomized studies are needed to confirm the beneficial roles of IVUS in SES implantation. The rate of angiographic restenosis was low and this might have affected the results.
Conclusions
This retrospective IVUS analysis in 449 patients showed that the overall angiographic restenosis and TLR rates in 543 lesions treated with IVUS-guided SES implantation were 3.9% and 1.7%, respectively. The only independent predictors of angiographic restenosis after SES implantation were the final minimum stent CSA and IVUS-measured stent length. The optimal cut-off values of final minimum IVUS stent area and IVUS-measured stent length that predicted angiographic restenosis were 5.5 mm 2 and 40 mm, respectively. 
